Introduction
============

There are several published reports documenting interaction between zinc and calcium in pigs, chickens and rats. \[[@B13]\] found a higher rate of zinc metabolism in pigs receiving high-calcium diets unsupplemented with zinc. \[[@B6]\] cured parakeratosis in swine by adding 50 ppm zinc to the diet, and \[[@B20]\] alleviated the effects of zinc toxicity in rats by supplementing calcium and phosphorus. Also \[[@B10]\] claimed that high dietary calcium had a protective effect against the adverse effects of diet Zn. All these experiments point in the direction of the existence of an antagonistic effect between calcium and zinc in the above mentioned animal species.

Relatively few studies are concerned with the interaction between Ca and Zn in ruminants. Thompson and co-workers found that supplying lambs on a slightly Ca deficient diet with 0,5% or 1,0% zinc sulphate markedly reduced the net retention of calcium, as compared with control animals receiving no supplemental zinc \[[@B22]\]. A decreased intestinal absorption as well as an increased endogenous excretion mediated the loss of calcium. Thompson and co-workers suggested that calcium and zinc to some extent are antagonistic in ruminants. This hypothesis was supported by the findings of \[[@B21]\]. In their study a change in dietary calcium from 1% to 2% increased faecal excretion of zinc in sheep. \[[@B15]\] obtained matching results, and suggested that the feeding of high dietary calcium (0,8%) to ewes decreased the absorption of dietary Zn.

During the years the prophylactic effect of dietary zinc on facial eczema in cattle has been well-documented \[[@B17]\]. The occurrence of clinical cases of hypocalcaemia in conjunction with such prophylactic treatments led Smith and co-workers to investigate this area more closely.

By using zinc oxide in doses corresponding to 120 mg Zn/kg body weight \[[@B18]\] produced a significant drop in serum-Ca from 109 mg Ca/l (2,72 mmol/l) prior to the zinc administration to 92 mg Ca/l (2,30 mmol/l) 24 h after the zinc dose in lactating dairy cows. The suggestion was made that the gut lumen was the site of the mineral interference. They based this assumption on the fact that a sudden increase in the daily zinc dose dramatically changes the relative concentrations of zinc and calcium in the gut lumen as the normal molar calcium concentration in the gut lumen is approximately 200 times those for zinc. \[[@B1]\] further claimed that the absorption of Zn under normal circumstances is relatively low, but when dietary Zn is high the homeostatic control mechanisms function less effectively and the absorption of Zn increases dramatically.

While the majority of the experiments performed pointed in the direction of the existence of an antagonistic effect between calcium and zinc in ruminants, like in other animal species, a few studies did not support this.

\[[@B3]\] performed an experiment on growing Hariana calves showing that in the presence of a dietary Ca:P ratio of 1:1,53 the retention of Ca increased significantly when the diet was supplemented with 40--100 ppm Zn, and \[[@B12]\] found that loading sheep with Ca (45.28 g Ca/kg DM) did not affect the absorption of Zn in the small intestine or in the segment between the mouth and ileum. \[[@B14]\] further stated that in contrast to swine a clinical Zn deficiency could not be induced in lambs by elevating the level of dietary calcium to 0,8% of DM. In support of this \[[@B11]\] found, that elevated amounts of dietary calcium had no effect on absorption of zinc in the lactating cow.

The aim of the present experiment was to examine further the antagonism between calcium and zinc in dairy cows by following the response in blood calcium after oral administration of zinc oxide. It was further the intention to investigate whether the expected hypocalcaemia would provoke a response from the mechanisms responsible for calcium homeostasis.

Materials and methods
=====================

Experimental animals
--------------------

Six non-pregnant dairy cows were allocated into 3 treatment groups as shown in Table [1](#T1){ref-type="table"}. Group 1 comprised 2 lactating cows, which were milked twice daily. Groups 2 and 3 each comprised a pair of non-lactating cows. From Table [1](#T1){ref-type="table"} it can be seen that the cows in group 3 had a lower parity than the cows in the other 2 groups. This is, however, considered to be without importance, as the cows in group 3 acted as untreated control cows.

###### 

Characteristics of the experimental animals.

            Cow number   Age, (Years)   Parity   Weight, (kg)   Mean milk yield (litre/day)   Zinc oxide dosing (120 mg Zn/kg bw)
  --------- ------------ -------------- -------- -------------- ----------------------------- -------------------------------------
  Group 1   0423         7              5        612            20                            \+
            0262         5              3        598            20                            \+
  Group 2   0817         6              3        812            0                             \+
            0686         6              3        704            0                             \+
  Group 3   0185         2              1        419            0                             \-
            0239         4              2        488            0                             \-

Diets
-----

All cows received a basic ration consisting of wrap grass silage. In addition to this the lactating cows received a lactation concentrate (NAG Kvaegfoder SL 12, DK 3200 Helsinge). Table [2](#T2){ref-type="table"} shows the mean daily intake of dry matter (DM) and calcium for the 6 cows during the experimental period. The composition of the diets was determined by atomic absorption spectrophotometry (Centrallaboratoriet, DJF, Forskningscenter Foulum, Tjele, Denmark).

###### 

Mean daily intake of DM and Ca in the 3 experimental groups. The contribution from barley straw is not included.

            DM intake, kg/day              
  --------- ------------------- ----- ---- ----
  Group 1   4.1                 6.8   51   84
  Group 2   6.0                 0     35   30
  Group 3   5.5                 0     32   18

In addition to wrap grass silage and lactation concentrate the cows had free access to barley straw. The estimated daily intake of barley straw was 2 kg per cow per day, which contributed with 10 g of calcium/day.

Treatments
----------

The cows in group 1 and 2 were given zinc oxide (ZINKOXID, Superfos Kemi A/S, DK-2950 Vedbaek) in doses of 120 mg Zn/kg body weight. Group 3 acted as a non-dosed control group.

Group 1 and 2 were dosed once a week at 11.00 a.m. The ZnO was mixed with tap water and given by intraruminal intubation.

Samples and analyses
--------------------

Blood samples (Vacutainer^®^, SST^®^Gel and Clot Activator) were collected each day at 10.00 a.m. (one hour after morning feeding) from the coccygeal vessels or from V. jugularis. On the day of zinc dosing and the day after additionally one daily blood sample was taken at 10.00 p.m.

The blood samples were centrifuged the following morning at 3400 rpm for 10 min. The serum was separated and stored at -37°C until analysis for serum calcium by atomic absorption spectrophotometry (Perkin-Elmer 5000, Analytical Instruments, Perkin-Elmer Corp., Norwalk, CT 06856 U.S.A.). Serum calcium was monitored twice on each blood sample.

The cows were observed every day for clinical signs of hypocalcaemia (cold extremities, subnormal rectal temperature, decreased feed intake).

The experiment was conducted over 33 days.

Results
=======

Clinical signs
--------------

Slightly cold extremities, decreased feed intake and lowered milk yield was recorded in the Zn-dosed lactating cows following the first Zn dose. Both cows recovered spontaneously without treatment. The Zn dosed non-lactating cows as well as the control group showed no clinical changes during the experimental period.

Serum calcium
-------------

The mean serum calcium concentration of the control cows during the entire experimental period was 2.26 mmol/l with minor day-to-day fluctuations as shown in Fig. [1](#F1){ref-type="fig"}.

![Mean serum calcium concentration (± SEM) of the ZnO (120 mg Zn pr. kg. bodyweight) treated lactating and non lactating cows as compared to the undosed non lactating control cows. The arrows indicate the 4 dosings.](1751-0147-42-271-1){#F1}

From Fig. [1](#F1){ref-type="fig"} it also appears that each zinc oxide treatment of the lactating cows was followed by an episode of hypocalcaemia. The drop in serum calcium among these lactating cows was more severe following the first ZnO treatment than following the succeeding ones (Fig. [2](#F2){ref-type="fig"}). In terms of numerical changes the mean serum calcium concentration fell from 2.28 mmol/l to a minimum of 1.29 mmol/l 12--24 h after the first Zn-dose, from 2.39 mmol/l to 1.45 after the second dose, from 2.16 mmol/l to 1.50 mmol/l after the third dose and from 2.15 mmol/l to 1.58 mmol/l after the fourth dose.

![Detailed mean serum calcium course (± SEM) of the ZnO (120 mg Zn pr. kg. bodyweight) treated lactating cows during the interval 0--47 hours after each of the 4 ZnO-dosings. The starting points are reset/synchronized.](1751-0147-42-271-2){#F2}

Following the first hypocalcaemic episode serum calcium of the lactating cows rose to a level higher than the pre-dosing level and higher than the control group mean (Fig. [1](#F1){ref-type="fig"}). A similar trend, although less pronounced, was seen after the succeeding hypocalcaemic episodes.

The ZnO treated non-lactating cows also dropped in serum calcium following the zinc oxide dosings. The drops were however less extensive, and the difference in magnitude between the 4 hypocalcaemic episodes was apparently minor (Fig. [1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![Detailed mean serum calcium course (± SEM) of the ZnO (120 mg Zn pr. kg. bodyweight) treated non-lactating cows during the interval 0--47 hours after each of the 4 dosings. The starting points are reset/synchronized.](1751-0147-42-271-3){#F3}

Discussion
==========

Our experiment clearly demonstrates the existence of an antagonistic effect between calcium and zinc in dairy cows as evidenced by the drop in serum calcium following zinc oxide administration together with the clinical signs of hypocalcaemia displayed by the lactating cows after the first ZnO treatment. As such it confirms the observations made by \[[@B18]\].

The exact mechanism of calcium/zinc-antagonism at the epithelial level is unknown. \[[@B22]\] did, however, find that the antagonistic effect between Ca and Zn included not only intestinal absorption but also endogenous faecal excretion indicating that more than one system is involved.

The results of the present experiment show that the response to oral zinc oxide administration differs much between the lactating and the non-lactating cows although the dose was the same in terms of mg zinc/kg body weight. The serum calcium drop was not as extensive, and the overcompensation tendency seen among the lactating cows following a hypocalcaemic episode was not as convincing in the non-lactating cows.

This difference in response may be explained by the continuous and comprehensive demand for dietary calcium to fulfil the needs for milk production in lactating cows \[[@B9]\], whereas the calcium requirement of non-lactating cows is limited. Therefore, compromising the dietary calcium supply more easily leaves lactating cows in extensive calcium deficiency as compared to dry cows. Earlier studies support this interpretation. When \[[@B9]\] decreased the daily calcium intake of a lactating cow from 120 to 20 g/day serum calcium fell from 2.35 to 1.90 mmol/l within 5 h, whereas in pregnant dry cows \[[@B5]\] recorded a less severe drop (2.35 to 2.07 mmol/l) following a shift in dietary calcium intake from 41--52 g/day to 8.2 g/day. This drop in serum calcium also occurred more slowly reaching a minimum after 36 h. Interestingly, in both studies the lowered level of dietary calcium intake equals approximately 25% of NRC recommendations \[[@B2]\], and yet the responses in serum calcium in the lactating cows and in the non-lactating pregnant cows are different.

Besides lactation itself, another factor may have influenced the difference in response in the present study. According to Table [2](#T2){ref-type="table"} the daily calcium intake (from wrap grass silage and concentrate) was calculated to be below NRC recommendations \[[@B2]\] for the lactating cows and above NRC recommendations for the non-lactating animals. This may represent a common situation in dairy herds, but the extend to which it influenced the observed difference in response can not be extracted.

The observation of the occurrence of overcompensation in serum calcium following an episode of hypocalcaemia is in accordance with the results obtained by \[[@B18]\]. \[[@B8]\] described it as a reparative action, which overshoot and produce a period of hypercalcaemia. One might argue that a drop in milk production following ZnO dosing could contribute to this serum Ca overshooting. In this experiment the ZnO administration decreased the milk yield (2.25--3.5 kg) for one or 2 days following administration, but on the day of maximum serum Ca overshooting the milk production was increasing although not fully re-established.

The mean drop in serum calcium concentration for the Zn-dosed lactating cows was more profound after the first ZnO dose than after the following doses, and the time required to reach the pre-dosing serum calcium level was longer following the first dose than following the succeeding ones (Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). These results indicate that such a single Zn-induced hypocalcaemic episode is sufficient to elicit a response from the cow\'s calcium homeostatic mechanisms to succeeding similar challenges.

Although the serum calcium response of the dry cows was less pronounced, the serum calcium level dropped following ZnO administration below the threshold level for subnormal plasma calcium of 2.18 mmol/l suggested by \[[@B7]\]. The differences in serum calcium response following the succeeding ZnO dosings were however minor (Fig. [3](#F3){ref-type="fig"}), and apparently the Zn induced hypocalcaemia in terms of depth and duration was too small to trigger a post-hypocalcaemic response from the calcium homeostasis mechanisms.

The finding in this experiment, that a short-term induced hypocalcaemia in lactating cows apparently induced an increased resistance to similar succeeding challenges, is new. It may be seen in relation to the principle of feeding rations low in calcium before parturition for the prevention of milk fever \[[@B4]\], because the supplementation of zinc oxide, as in this study, probably decreases the actual availability of the dietary calcium.

The perspective of reducing dietary calcium availability in late pregnancy cows by zinc administration is however questionable, as the zinc dose used in this experiment is around 6 times the dose recommended for facial eczema prevention \[[@B18]\], and therefore also seriously conflicts with feeding recommendations for zinc \[[@B2]\]. Further more zinc toxicity has been recorded after long-term exposure of zinc in doses between 45 and 240 mg Zn/kg bodyweight \[[@B1],[@B16],[@B19]\].
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